The FT-IR spectra of two diastereomers of 2,3-butanediol, (R,S) and (S,S), isolated in low-temperature argon and xenon matrixes were studied, allowing the identification of two different conformers for each compound. These conformers were characterized by a (gauche arrangement around the O-C-C-O dihedral angle, thus enabling the establishment of a very weak intramolecular hydrogen bond of the O‚‚‚H-O type. No other forms of these compounds were identified in matrixes, despite the fact that these four conformers had calculated relative energies from 0 to 5.1 kJ mol -1 and were expected to be thermally populated from 50 to 6% in the gaseous phase of each compound. The nonobservation of additional conformers was explained in terms of low barriers to intramolecular rotation, resulting in the conformational relaxation of the compounds during deposition of the matrixes. The barriers to internal rotation of the OH groups were computed to be less than 4 kJ mol -1 and are easily overcome in matrixes within the family of conformers with the same heavy atom backbone. The barriers for intramolecular rearrangement of the O-C-C-O dihedral angle in both diastereomers were calculated to range from 20 to 30 kJ mol -1
Introduction
Molecular properties for systems bearing two OH groups connected to adjacent carbon atoms are of special interest. The fragment R 1 -CH(OH)-CH(OH)-R 2 is the main building unit of such important molecules as naturally occurring sugars and polyalcohols. The simplest molecule of the above series is 1,2-ethanediol, where R 1 ) R 2 ) H. It is well-known that intramolecular hydrogen bonding plays an important role in conformers of 1,2-ethanediol. This molecule has been the subject of numerous studies. (See, for example, the bibliography in ref 1.) If the terminal substituents, R 1 and R 2 , of the R 1 -CH(OH)-CH(OH)-R 2 fragment are different from hydrogen, the molecule then becomes chiral. The simplest chiral representative of the above series is the molecule where R 1 ) R 2 ) CH 3 (i.e., 2,3-butanediol, CH 3 -CH(OH)-CH(OH)-CH 3 ). Depending on the configurations of the two chiral carbon atoms, this molecule can exist as three possible stereoisomers: meso form (R,S), (S,S), and (R,R) (Scheme 1). The forms (S,S) and (R,R) are enantiomers. They are spectroscopically, conformationally, and energetically identical, and only one enantiomer can be considered. On the other hand, (R,S) and (S,S) or (R,R) are diastereomers. Having different physical-chemistry properties, both of them should be studied.
The stereoisomers of 2,3-butanediol (2,3-BD) have several industrial applications. 2, 3 They are also used as cryoprotectant agents. [4] [5] [6] [7] [8] [9] The knowledge of its structure assumes further importance in developing theoretical models for the investigation of the behavior of flexible chiral organic molecules containing polar and nonpolar groups.
Previous infrared spectroscopic studies of this molecule in a dilute solution of inert solvents, 10, 11 vapor phase, 11, 12 and matrix isolation 12 have shown the presence of a lower-frequency band in the OH-stretching region in addition to the absorption band due to the free OH (higher-frequency band). This lowerfrequency absorption was assigned to the presence of an intramolecular hydrogen bond between the two hydroxyl groups. 1 H NMR and 13 C NMR studies 13 confirm the existence of this interaction in low-polar solvents, whereas in polar solvents, no intramolecular hydrogen bond seems to exist.
The few available computational studies performed on 2,3-BD were carried out using quantum mechanical methods at different levels of theory [14] [15] [16] [17] and molecular mechanics 18 calculations. These works show that, like in other simple vicinal diols, [19] [20] [21] the gauche O-C-C-O conformations are more stable than those where the O-C-C-O skeleton assumes a trans conformation. The higher stability of the gauche O-C-C-O conformations over the trans in vicinal diols has been explained by the formation of an intramolecular O-H‚‚‚O attractive interaction. Some works describe this interaction as a weak hydrogen bond on the grounds of geometrical and spectroscopic criteria. [10] [11] [12] However, according to electron density topological analysis calculations, there is no evidence for the existence of an intramolecular hydrogen bond. 14, 16, 22, 23 Because the aim of the present work is not to discuss whether intramolecular hydrogen bonding is present in vicinal diols, we will adopt the definition of hydrogen bond recommended by IUPAC. 24 A recent study of the molecular structure of butanediol isomers combining DFT calculations with IR spectroscopy studies in carbon tetrachloride solutions was performed in our laboratory. 25 In that work, it was concluded that the energy differences between the isomers in the gas state are higher than those in the liquid state. Moreover, it was shown that the intramolecular hydrogen bonding plays a determinant role in the conformational behavior of the isolated molecules.
Despite most of the conformational studies on 2,3-BD admitting the importance of intramolecular hydrogen bonding, experimentally, it is very difficult to distinguish a particular conformer, namely, those able to form an intramolecular hydrogen bond. This difficulty arises from the fact that the spectral signatures of the conformers of a similar type are very similar, and the number of possible conformers is large. Thus, isolation of monomers of the studied molecules in cryogenic inert matrixes gives a unique possibility of characterization of their particular conformers. Contrary to the neat condensed phases, the bands in the spectra of matrix-isolated species are very narrow (of the order of a few cm -1 ), and contrary to the gaseous phase, the vibrational bands are not accompanied by rotational structure, thus allowing identification of the signals being apart from each other only by a few cm -1 . This peculiarity of the matrix isolation spectra gives also possibility to compare directly experimental and theoretically calculated spectra of monomers, allowing their reliable identification.
The aim of this work is to have a deeper insight into the structure of the monomeric forms of (R,S)-2,3-BD and (S,S)-2,3-BD, by the combination of matrix-isolation infrared spectroscopy and high level theoretical calculations.
Experimental Section
Commercial (S,S)-2,3-BD (Aldrich, >99%) and (R,S)-2,3-BD (Aldrich, >99%) were used in the present study. The purity of the compounds was checked by GLC and the following values were obtained: 99.3 ( 0.1% for (R,S)-2,3-BD and 99.4 ( 0.2% for (S,S)-2,3-BD. Due to their high hygroscopicity, they were transferred from the factory packing into the effusive cell in a glovebox previously purged with dry nitrogen. An effusive Knudsen cell 26 was equipped with a SS-4BMRG (NUPRO) needle valve and permitted to avoid the contact of the sample compartment with atmosphere before experiments. Prior to experiment, the cell was connected to the vacuum system of the cryostat, and the compound was additionally purified from dissolved gases by pumping. The cell has two thermostatable parts: the valve nozzle and the sample compartment, both separately temperature controlled. During deposition, the sample compartment was cooled to 0°C by immersing the ampule with the compound into a bath with melting water-ice mixture. This allowed for reducing the saturated vapor pressure over the compound and improving the metering function of the valve. The valve nozzle was kept at 295 K, and this temperature defined the equilibrium ratio of butanediol conformers in the vapor before deposition.
The deposition rate of the compound was chosen low enough to ensure that the species trapped in matrixes were mainly monomers. A CsI window was used as an optical substrate for the matrixes. Its temperature was stabilized and measured directly at the sample holder by a silicon diode sensor connected to a digital controller (Scientific Instruments, Model 9650-1), with an accuracy of 0.1 K.
A glass vacuum system and standard manometric procedures were applied to deposit matrix gases (argon N60 and xenon N45, supplied by Air Liquide), which were used without further purification. The low-temperature equipment was based on a closed-cycle helium refrigerator (APD Cryogenics) with a DE-202A expander. Infrared spectra in argon and xenon matrixes at 10 and 20 K, respectively, were registered with a resolution of 0.5 cm -1 , in the range 4000-400 cm -1 , using a Mattson (Infinity 60AR Series) Fourier transform infrared spectrometer equipped with a deuterated triglycine sulfate (DTGS) detector and a KBr beam splitter. Modifications of the sample compartment of the spectrometer were made to couple it with the cryostat head and allow purging of the instrument by a stream of dry nitrogen to remove carbon dioxide and water vapors.
Computational Methods
2,3-Butanediols can exist in a great variety of conformational structures. For both diastereomers of 2,3-BD, the backbone arrangement is defined by only one dihedral angle (O-C-C-O), whereas two additional dihedral angles (H-O-C-C) define orientations of the two hydroxyl groups. Considering three conformational possibilities: trans (ca. 180°), +gauche (ca. +60°), and -gauche (ca. -60°) for each relevant dihedral angle, one can predict the number of possible conformers. Thus, three dihedral angles, with 3-fold configuration each, lead to 3 3 ) 27 possible conformers. However, symmetry relationships reduce this number to 15 and 18 conformations for (R,S)-2,3-BD and (S,S)-2,3-BD, respectively. The relatively moderate number of possible minima on the potential energy surface allows for exploring all of them by high level quantummechanical methods.
All possible conformations of the two molecules were fully optimized at the DFT(B3LYP)/6-311++G** level of approximation. [27] [28] [29] The lower energy conformers predicted by the DFT method with relative energies up to 10 kJ mol -1 above the global minima were also optimized at the MP2/6-311++G** level. [30] [31] [32] All calculations were performed using the GAUSSIAN 98 program package, 33 with explicit symmetry when applicable.
After the geometry optimizations, the harmonic vibrational frequencies calculation, at the same level of theory, was carried out to characterize the nature of each stationary point. The calculated IR spectra were also used to assist in the interpretation of the experimental spectra and to account for the zero-point vibrational energy (ZPVE) contribution. Sets of internal coordinates were defined and the Cartesian force constants were transformed to the internal coordinates space, allowing ordinary normal-coordinate analysis to be performed as described by Schachtschneider. 34 The theoretical normal modes were characterized by analysis of the potential energy distribution (PED) matrix resulting from these calculations. The values of the calculated relative energies (∆E o ), represented as the sum of electronic and the zero-point vibrational energies (E o ) E elec + ZPVE), relative populations, dipole moments, and other relevant structural parameters of the conformers are displayed in Table 1 . The conformers' populations at 295 K (nozzle temperature) were calculated by the Boltzmann distribution taking into account relative DFT energies and the degeneracy degree of each conformer.
As can be seen from Table 1 , for both molecules, the energy differences between the most relevant conformers are very close in DFT (B3LYP) and MP2 methods. Because the DFT method is computationally less expensive, it was chosen to explore all the conformational space of the two molecules. Unless otherwise stated, all the following discussion is based on the results obtained by DFT.
From the 15 different possible conformations for (R,S)-2,3-BD, only 12 appeared to be minima, as gGg converged to g′Gg and both g′Gg′ and tGt converged to tGg′. Regarding (S,S)-2,3-BD, from the 18 candidates to minima on the potential energy surface, only 14 are true minima, as is displayed in Table 1 . The g′Gg′ structure (with explicit C 2 symmetry) was characterized as a first-order saddle point having one imaginary vibrational frequency, and tGt (also with explicit C 2 symmetry) converged to g′Gg′. Without restriction of symmetry structures, g′Gg′ and tGg converged to the most stable form tGg′, whereas gGg converged to g′Gg.
The conformational stability of both diastereomers of 2,3-BD is determined essentially by the O-C-C-O dihedral angle. The four most stable conformers of both compounds, which are shown in Figure 1 , have this dihedral angle in the G or G′ configuration. The higher stability of the gauche O-C-C-O axis over the trans configuration may be due to the formation of an intramolecular hydrogen bond and/or to the so-called "gauche effect". [35] [36] [37] The four conformers, at 295 K, comprise ca. 89 and 96% of the gas phase conformational equilibrium mixture of (R,S)-2,3-BD and (S,S)-2,3-BD, respectively (Table 1) .
From the data presented in Table 1 , one can see that the O A ‚‚‚H distance (O A ) acceptor oxygen) is within the criteria commonly accepted for the existence of an intramolecular hydrogen bond. 38, 39 Nevertheless, the great deviation of the O D -H‚‚‚O A angle (O D ) donor oxygen) from the most favorable direction (180°) turns the bond into a weak one. An identical conclusion is drawn from the small shortening of the O D -H distance relative to that observed for the free OH group (ca. 0.962 Å). The Mülliken atomic charges of the hydrogen atoms bonded to O D are generally more positive than those bonded to O A , which reinforces the existence of the hydrogen bond. As 
Eh for (S,S)-2,3-BD. MP2/6-311++G**; Eo (tGg′) ) -307.9827147 Eh for (R,S)-2,3-BD; Eo (tGg′) ) -307.9832621 Eh for (S,S)-2,3-BD b Populations were calculated using DFT energies. A degeneracy factor of 2 was used for the conformers belonging to the C1 point group and degeneracy factor of 1 for the conformers belonging to the Ci and C2 point groups.
c Obtained by B3LYP/6-311++G**. will be shown later in this paper, spectroscopy confirms the existence of a weak intramolecular hydrogen bond that has to be taken into account in the conformational analysis of both diastereomers of 2,3-BD.
Another contribution to the energy of the conformers stabilized by intramolecular hydrogen bonding comes from the orientation of the OH acceptor group. Indeed, this group is preferentially trans relative to the adjacent OC-CO bond, which is in agreement with the theoretical predictions reported for more simple vicinal diols as 1,2-ethanediol 1,21,40,41 and 1,2-propanediol. 20, 42 From the comparison between two pairs of conformers (I and II) and (III and IV) for the two diastereomers (see Figure  1 ), the energy difference between OH trans and OH gauche can be estimated as being ca. 2 kJ mol -1 (see Table 1 ). This is a low-energy difference, and the question can arise as to if it can be trusted. The coincidence of the relative energy values obtained by two different methods (DFT and MP2) gives a positive answer. This conclusion is further reinforced by experiment, as will be shown below.
The remaining conformers presented in Table 1 have no intramolecular hydrogen bond. A rough estimation of the stabilizing effect due to the formation of the intramolecular hydrogen bond can be made by comparing the energy of the conformers with similar structures with and without a hydrogen bond. For example, conformers I and VIII of (R,S)-2,3-BD differ from one another only in the O-C-C-O dihedral angle, which is G in the former and T in the latter. A hydrogen bond is present in conformer I and not in conformer VIII. In choosing the conformers to be compared, it is necessary to take into consideration that no additional strong intramolecular interaction should be present in any of them [for example, the repulsive interaction between the lone electron pairs of O(2) and O(3)]. Using this procedure and averaging the results over all relevant pairs of conformers for the two stereoisomers, the hydrogenbond energy in 2,3-BD could be estimated as being ca. 8 kJ mol -1 .
A special comment should be made about the symmetries of molecules. The highest possible symmetry for the (R,S) compound is the C i . The (R,S)-2,3-BD can adopt a symmetrical form only when the heavy atom backbone assumes the trans orientation around the O-C-C-O dihedral angle. In such an orientation, three possible combinations of the H-O-C-C dihedral angles are possible (see conformers V, VII, and IX in Table 1 ). None of these orientations exhibits an intramolecular hydrogen bond. In accordance with this fact, all conformers belonging to the C i point group are less stable by 5 or more kJ mol -1 with respect to the most stable form. The forms of the C i symmetry contribute to the conformational equilibrium with the weighting factor of unity. The conformers belonging to the C 1 point group have their degeneracies equal to two. That is why the four most stable forms of the (R,S) compound are responsible for almost 90% of the equilibrium conformational mixture at 295 K.
The highest possible symmetry of the (S,S) compound is the C 2 . In this case, a formally symmetrical geometry can be constructed with any orientation of the O-C-C-O dihedral angle, either trans or (gauche. The only formal requirement for a symmetrical geometry is that the two H-O-C-C dihedral angles are equal. With the three possible orientations of the heavy atom backbone and three possible orientations of the two hydroxyl groups, the total number of symmetrical geometries increases to nine. Six of them are minima on the potential energy surface (see Table 1 ), and two of them (g′Gg′ and gGg) are the first-order saddle points. The ninth symmetrical structure (tGt) converged, after optimization, to g′Gg′, as mentioned above. It is important to note that the formation of an intramolecular hydrogen bond in the (S,S) compound renders two nonequal OH groups, thus reducing the molecular symmetry to C 1 . As in the case of the (R,S) compound, this means that the four most stable conformers, all belonging to the C 1 group (see Table 1 ), contribute to the conformational equilibrium with a weighting factor of 2 and are then responsible for more than 96% of the conformational population at 295 K.
Barriers to Intramolecular Rotation.
At low temperature, a matrix is a nonequilibrium system. It is often assumed that the conformational composition of the studied molecules in a matrix corresponds to the equilibrium Boltzmann distribution of conformers in the gaseous phase prior to deposition. This assumption is true when the barriers to interconformational changes are high enough and the temperature of the matrix substrate is very low. However, for the species with intrinsically low barriers for intramolecular rotation, these barriers can be overcome at low temperatures, and the relaxation of higherenergy conformers into lower-energy species may occur. This phenomenon is known as conformational cooling.
In 1984, Barnes pointed out that the matrix temperature at which conformational cooling occurs can be related with the barrier to intramolecular rotation. 43 Recently, we have demonstrated that this temperature depends not only on the barrier of internal rotation but also on the nature of matrix gas. The most facile conformational cooling occurs in xenon, whereas in krypton and argon the relaxant properties of the matrix progressively decrease at the same temperature with the same compound studied. 44 Also, in different compounds with the same barrier to intramolecular rotation, conformational cooling occurs much easier for the smaller groups undergoing intramolecular rearrangement. 45 With this idea in mind, the barriers to intramolecular rotation in the studied butanediols have been calculated in this work.
The barriers to the internal rotation of the OH groups in (R,S)-and in (S,S)-2,3-BD are presented in Figures 2 and 3 , respectively. The four calculated barriers do not exceed 3.6 kJ mol -1 in the direction of the expected conformational relaxation, i.e. from higher to lower energy minima. In the cases presented in Figures 2 and 3 , the group undergoing intramolecular rearrangement is a hydroxyl group, i.e. the group of an extremely small size. This means that for eventual successful trapping in a matrix of the higher energy forms g′G′g and gGg′ (for both compounds), it is necessary to use argon as the matrix gas and use the lowest possible temperature of the optical substrate during deposition of the sample. Such experimental conditions were kept, and the results are presented in the following section.
A special case of the barrier of intramolecular rotation relates to the g′Gg′ conformer in the (S,S) compound. This form, when optimized with the explicit C 2 symmetry, exhibits one imaginary vibrational frequency. An important geometrical parameter in this case is g′, the value of the two H-O-C-C dihedral angles. In g′Gg′, it is equal to ca. -76.1°. Visualization of the corresponding vibrational mode corresponds to the concerted movement of the two OH groups around the C-O bonds toward the global energy minimum geometry, tGg′. Keeping the overall C 2 symmetry prevents the molecule from relaxing to a lowerenergy nonsymmetrical geometry. If molecular symmetry is lifted, then the g′Gg′ form converges to the global energy minimum, tGg′. In tGg′, one of the OH groups remains in the g′ position, but the corresponding H-O-C-C angle assumes the value of -46.4°whereas the other adopts the trans orientation (-168.2°), characteristic of tGg′. The importance of this case is that the energy of the g′Gg′ (a transition state) is only 3.6 kJ mol -1 with respect to the global minimum. This means that even if the two OH groups are simultaneously involved into the intramolecular rotation, the energy necessary for such rearrangement is extremely low and does not exceed the energy of barriers presented in Figures 1 and 2 . In the (R,S) compound, by its nature, it is impossible to impose a molecular symmetry onto a conformation like g′Gg′, and as was mentioned above, such conformation converges upon optimization to the global energy minimum, tGg′.
4.3. Interpretation of the Vibrational Spectra. The infrared spectra of (R,S)-and (S,S)-2,3-butanediols isolated in argon matrixes at 10 K (the lowest possible temperature) are presented in Figures 3 and 4 , respectively. These figures also include the theoretical spectra (B3LYP/6-311++G**) of the four most stable conformers of each isomer in the gas phase and the calculated global spectra (population weighted theoretical spectra). The calculated frequencies were scaled by two correction factors: 0.948 for the OH-stretching region and 0.978 for the region below 1500 cm -1 . The first scaling factor was obtained by fitting the calculated frequencies to the experimental frequencies in the OH-stretching region, whereas the second was taken from literature. 46 These corrections account for the neglect of the anharmonic effects, incomplete treatment of the electron correlation, and basis set limitations. 47 The calculated IR intensities of the spectra of individual conformers were also scaled by their respective abundances, as in detail explained below. The assignment of the IR spectra is given in Tables 2  and 3 . Results from the definition of the internal coordinates used in these calculations and from the normal coordinate analyses for the relevant conformers of the two molecules are provided as Supporting Information.
In vibrational spectra, the presence as well as the absence of absorption bands at certain positions can be an important factor in the assignment. As is predicted by calculations of barriers (Figures 2 and 3) , in both the (R,S) and (S,S) compounds, the conformers gGg′ and g′G′g are very probable candidates for conformational cooling. Thus, the first analysis of the experimental spectra was carried out from the viewpoint of presence of the vibrational bands characteristic of these two forms. A very characteristic strong band with an intrinsic intensity of 153.4 km mol -1 is predicted at 481 cm -1 for the τO D H vibration of the gGg′ form in the (R,S) compound (see Figure 4) . The counterpart of this band is absent in the experimental matrix . Infrared spectra of (R,S)-2,3-BD in an Ar matrix (T ) 10 K), gas-phase population weighted theoretical spectrum, and calculated spectra for the most relevant conformers, obtained at the B3LYP/6-311++G** level of theory. The calculated gas-phase spectrum was obtained by adding the spectra of conformers I and III (shown by solid lines), weighted by their respective abundances. Because conformational conversion is assumed to occur during deposition (see text for details), the abundances of conformers I (tGg′) and III (tG′g) used to scale the calculated intensities were recalculated by adding the Boltzmann populations of conformers II (gGg′) and IV (g′G′g), respectively. The latter two forms (their spectra shown by dashed lines) do not contribute to the population weighted theoretical spectrum. Calculated spectra were simulated using Lorentzian functions centered at the calculated (scaled) frequency and with bandwidth-at-half-height equal to 2 cm -1 (conformers' spectra) and 4 cm -1 (population weighted theoretical spectrum). } 1075 (20) γC (4) c Assignment based on the comparison of the calculated spectra of conformers I and III with the experimental spectrum and taking into account the PEDs obtained for conformers I and III. Abbreviations: ν, stretching; δ, bending; γ, rocking; τ, torsion; s, symmetric; as, asymmetric.
spectrum. Another vibration of the gGg′ form, δO A H, with calculated intensity 48.9 km mol -1 , is predicted at 1239 cm -1 . The experimental spectrum does not exhibit a corresponding vibration either. The absence of these two, and few other weaker absorptions, suggests that the gGg′ (the second energy form, according to the present calculations) has undergone conformational cooling during the deposition of the matrix. A positive confirmation to this hypothesis is that during annealing of the matrixes, no visible changes in the spectra of monomers occurred until aggregation started. The absence in the freshly deposited samples of the fourth energy conformer, g′G′g, is more difficult to prove experimentally, because its characteristic strong absorption bands coincide in frequency either with tGg′ or with tG′g (see Figure 4) . However, the similarity of the theoretically predicted barriers for conformational cooling (see Figure 2 ) also suggests that, with all probability, the g′G′g form relaxed into tG′g during matrix deposition.
A very similar situation happens in the (S,S) compound. Strong bands with intensities 151.4 and 84.2 km mol -1 are predicted to appear at 521.7 and 1271.0 cm -1 . These bands correspond to the τO D H and δO D H vibrations of the gGg′ form and do not have counterparts in the experimental spectra ( Figure  5 ). The lack of change of the experimental spectra during annealing of the samples was again a definite proof for the conformational cooling of the gGg′ form (the second most stable), which also occurred during the deposition of the sample, like in the case of the (R,S) compound. There are also no doubts about conformational cooling of the g′G′g form in the (S,S) compound, because it has the lowest of all predicted barriers to conformational conversion, only 2.2 kJ mol -1 (see Figure 3) .
A similar behavior had already been observed for related molecules such as pinacol (2,3-dimethyl-2,3-butanediol) 48 and other systems with conformers separated by low-energy barriers. 44 Interestingly, infrared spectroscopy studies on 1,2-ethanediol carried out in a low-temperature argon matrix (18 K) show that both tGg′ and gGg′ forms were found to be trapped in the matrix. 49, 50 This situation could have easily been explained if two almost isoenergetical species were separated by a very low barrier and then were in the true thermodynamic equilibrium in the matrix. Indeed, theoretical calculations predict a lowenergy barrier (ca. 5 kJ mol -1 ) and approximately equal energies for the two most stable 1,2-ethanediol conformers. 21, 40 However, recent experimental studies in the gas phase 51 suggest "an energy difference of ∼2.5 kJ mol -1 " between these conformers and, at this energy difference, the equilibrium thermal population of the minor form would be negligible at 18 K. In view of the present results on 2,3-BD, this discrepancy between the theory, matrix isolation results, and gas-phase data for 1,2-ethanediol opens space for further investigation on this molecule.
In 2,3-BD, after relaxation in matrixes, forms gGg′ and g′G′g convert (in both stereoisomers they are calculated as the second and fourth most stable) into their lower-energy counterparts, tGg′ and tG′g (the first and third most stable), respectively. In such a situation, conformational populations of forms tGg′ and tG′g in matrixes should be equal to their populations in the equilibrium gaseous phase augmented by populations of forms Monomeric Forms of (S,S)-2,3- gGg′ and g′G′g. In this manner, the population-weighted theoretical spectra were constructed for the (R,S) and (S,S) compounds, and they are compared in Figures 4 and 5 with the respective experimental matrix spectra. At first glance, one can see a fairly good agreement between theory and experiment. This close match proves the ability of the B3LYP functional combined with the 6-311++G** basis set to predict the conformational equilibrium of simple intramolecular hydrogenbonded systems as the vicinal butanediols. Accurate theoretical spectra play a key role in the assignment of the vibration bands recorded for the studied molecules and in their characterization from a structural point of view. According to the DFT calculations, only the four most stable conformers of (S,S)-2,3-BD and (R,S)-2,3-BD should contribute significantly to the conformational equilibrium at 295 K (nozzle temperature in the matrix isolation experiments). These conformers are exactly those able to originate internal hydrogen bonds. Taking into consideration all data discussed above, only the calculated spectra of conformers I and III were considered in the detailed interpretation of the spectra of the two diastereomers of 2,3-butanediol. The matrix-isolation spectra of these compounds are constituted essentially by absorption bands due to the tGg′ conformer, although some bands ascribed to the tG′g conformer are also present, as shown in Tables 2 and 3 . The experimental observation of the tGg′ and tG′g conformers and nonobservation of the gGg′ and g′G′g forms is then a strong argument in favor of accuracy of theoretical predictions of the relative energies, even at the DFT level, with the used basis sets (with polarization and diffusion functions on all atoms). The present results also show that calculations of the relative energies with smaller basis sets without polarization/diffusion functions on hydrogen atoms (6-31G*) are not sufficient for correct predictions. 17 The remaining conformational interconversions that might occur in the matrixes after their deposition, can only involve conformers of type I and III. To study the possibility of such conversions, barriers separating these conformers were studied theoretically as well. The results are presented in Figure 6 . One can see that the barrier to intramolecular conversion from tG′g to tGg′ in the (S,S) compound is about 18 kJ mol -1 , whereas in the (R,S) compound, this barrier is much higher, more than 27 kJ mol -1 . From the viewpoint of the conformational cooling, these barriers are very high; they imply rearrangements of the heavy atom backbone of molecules. To possibly observe molecular rearrangements corresponding to such high barriers, it is necessary to use the matrix gas with the best relaxant properties, i.e., xenon, and perform annealing of the samples to maximally possible temperatures. Between the two stereoisomers of 2,3-BD, the natural candidate to perform such a test is the compound with a lower barrier. That is why the (S,S) isomer was deposited into the xenon matrix at 20 K ( Figure 5 ) and annealing of this sample up to 65 K was carried out. The temperature increase did not produce any significant spectral changes. This behavior shows that a barrier of 18 kJ mol -1 separating conformers tG′g and tGg′ is high enough to prevent the conversion of the former into the latter, even in a xenon matrix within the whole range of accessible temperatures (until the disappearance of the sample). The nonobservation of the interconversion between conformers separated by a barrier of 18 kJ mol -1 is not surprising. Recently we have studied trimethyl phosphate, a molecule where the two lowest energy forms are separated by a barrier less than 10 kJ mol -1 . 52 Conformational relaxation between these forms was only possible to observe in xenon matrixes after their annealing up to 50 K, i.e., close to the highest possible temperature of existence of a xenon matrix. . Infrared spectra of (S,S)-2,3-BD in Ar (T ) 10 K) and Xe (T ) 20 K) matrixes, gas-phase population weighted theoretical spectrum, and calculated spectra for the most relevant conformers, obtained at the B3LYP/6-311++G** level of theory. The calculated gas-phase spectrum was obtained by adding the spectra of conformers I and III (shown by solid lines) weighted by their respective abundances. Because conformational conversion is assumed to occur during deposition (see text for details), the abundances of conformers I (tGg′) and III (tG′g) used to scale the calculated intensities were recalculated by adding the Boltzmann populations of conformers II (gGg′) and IV (g′G′g), respectively. The latter two forms (their spectra shown by dashed lines) do not contribute to the population weighted theoretical spectrum. Calculated spectra were simulated using Lorentzian functions centered at the calculated (scaled) frequency and with bandwidth-at-half-height equal to 2 cm -1 (conformers' spectra) and 4 cm -1 (population weighted theoretical spectrum).
In the present study, annealing only resulted in the disappearance of some sharp bands, being replaced by broader bands. This observation confirms the formation of aggregates during annealing. This is particularly evident in the OH-stretching region, where the intensity of the two monomeric bands considerably decreases, whereas a broad band located between 3390 and 3330 cm -1 grows as the temperature increases.
It appears also interesting to comment on the shape of the barriers presented in Figure 6 . Whereas the tG′g and tGg′ minima are very close in energy, all other stationary points are located far from each other on the energy scale in the two isomers. The reason for such differences is the chirality of 2,3-BD. For the transition state, where the O-C-C-O dihedral angle is equal to 0°, the two OH groups are obviously in the eclipsed position. In the (S,S) compound, in this geometry with two OH groups eclipsed, the two methyl groups become eclipsed with the two hydrogen atoms, i.e., the C-C-C-C dihedral angle is equal ca. -120°. In the (R,S) compound, on the contrary, when the O-C-C-O axis assumes the cis orientation, the eclipsed pairs of remaining groups are methyl/methyl and hydrogen/hydrogen. It is clear that the steric repulsion between the two eclipsed methyl groups is much higher than the repulsion between a methyl group eclipsed with a hydrogen atom. This is the reason of the very big difference in the energies of the transition states designated as tCc in Figure 6 . Another interesting observation is that in the abscissa range from -60°to +60°t he intramolecular hydrogen bond is always preserved. This results in a change of the orientation of the O D H group from the g (via cis) to the g′ position, whereas the heavy atom backbone rearranges simultaneously from G′ (via Cis) to G. Further rotation of the backbone (from -60°, in the negative direction, or from +60°, in the positive direction) does not change the orientation of the OH group, because the intramolecular hydrogen bond becomes broken.
The heights of other maxima on the potential energy profiles corresponding to the change of the molecular backbone can also be explained in terms of steric repulsions between the eclipsed groups. For the (R,S) compound, when the O-C-C-O axis assumes values of either -120°or +120°, the pairs of eclipsed groups are the same: methyl/hydroxyl, methyl/hydrogen, and hydroxyl/hydrogen. That is why the repulsive interactions are similar and the respective barriers are of similar height (ca. 25 and 23 kJ mol -1 , see Figure 6 ). In the (S,S) compound, the pairs of eclipsed groups at +120°are methyl/methyl and twice hydroxyl/hydrogen. Such combination results in a barrier of 28 kJ mol -1 . The highest calculated barrier, 35 kJ mol -1 , is predicted for the O-C-C-O dihedral angle equal to -120°i n the (S,S) isomer. In this case, the pairs of eclipsed groups are hydrogen/hydrogen and twice hydroxyl/methyl. The value of the calculated barrier suggests then that eclipsed hydroxyl and methyl groups represent the energetically less favored neighborship.
Further Tables 2 and 3 . As the stretching vibration modes are more sensitive to structural features such as hydrogen bonding, particular attention is paid to this region in the following discussion.
In the OH-stretching region, the matrix-isolation spectra of the butanediols under consideration exhibit two distinct bands, which appear as multiplets. The higher frequency band is localized between 3664 and 3653 cm -1 in argon matrix and between 3640 and 3633 cm -1 in xenon matrix. This band corresponds to the stretching vibration of the OH free group, in agreement with the theoretical predictions. The second OHstretching band is localized between 3613 and 3597 cm -1 in argon matrix and between 3590 and 3583 cm -1 in xenon matrix. This band is attributed to the OH group acting as donor in a hydrogen bond.
As is well-known, a typical spectroscopic manifestation of such a bond is the red-shift of the stretching frequency of the OH donor group. It has been shown that the hydrogen bond enthalpy (in kJ mol -1 ) and the red-shift observed in the OHstretching vibration [∆(νOH) , in cm -1 ] due to the involvement of the OH moiety in a hydrogen bond obey the correlation (∆H) 2 ) 1.92{[∆(νOH)] -40}. 53 Such an empirical relationship has been shown to apply to different families of molecules and can be considered as a general tool to estimate enthalpies of hydrogen bonds from vibrational data. 53,54 An alternative empirical correlation that has also been currently used to estimate hydrogen bond enthalpies from vibrational data uses the observed blue shift in the OH torsion [∆(τOH)] resulting from involvement of the OH group in the hydrogen bond {-∆H ) 0.67 ∆(τOH) 2 , where ∆(τOH) 2 ≡ 10 -4 [(τOH) 2 -(τOH 0 ) 2 ], τOH is expressed in cm -1 ; where τOH 0 is the frequency of the torsion in the non-hydrogen-bonded system 55,56 }. For the two molecules now studied, ∆(νOH) can be easily obtained by calculating the gravity centers of the OHstretching bands that originated in OH groups involved or not involved into the intramolecular hydrogen bond. From the spectra obtained in argon matrix, these values are 3605 and 3658 cm -1 and 3601 and 3650 cm -1 , for (R,S)-2,3-BD and (S,S)-2,3-BD, respectively. In turn, to obtain ∆(τOH), it is necessary Figure 6 . Potential energy profiles for intramolecular rotation of the heavy atom backbone in two diastereoisomers of 2,3-BD, (S,S) (solid line) and (R,S) (dashed line). For each point, the O-C-C-O dihedral angle was kept fixed, whereas all the other internal coordinates were optimized at the B3LYP/6-311++G** level of theory. The dihedral angles corresponding to the reaction coordinates are shown by bold letters in conformer names. Conformer names apply to both compounds. The starting geometry for both scans corresponds to the third-by-energy conformer (tG′g) and is indicated by an arrow. The zero-levels of energy were chosen for both compounds to correspond to the electronic energy of the most stable conformer (tGg′) without the zero-point vibrational energy correction.
to adopt a value for τOH 0 (i.e., the OH torsion frequency of the OH group not involved in the hydrogen bond as donor), because this has a characteristic frequency below the experimentally accessible frequency range. The calculations predict this mode as absorbing at ca. 250 cm -1 , and thus, this value can be used as τOH 0 for use in the empirical correlation [-∆H vs ∆(τOH)]. The experimentally observed frequencies for the τOH mode in the two stereoisomers are 434 and 430 cm -1 , respectively for (R,S)-2,3-BD and (S,S)-2,3-BD. Applying both empirical correlations to these data and taking the average values for -∆H, the values 6.7 and 6.6 kJ mol -1 were obtained for (R,S)-2,3-BD and (S,S)-2,3-BD, respectively. These values are very similar to the estimation made from theoretical structural data in the present study (8 kJ mol -1 ). These results are also comparable to the data obtained for 2,3-BD in the vapor phase by Fishman and Chen (3 ( 2 kJ mol -1 ) 11 from the temperature dependence of the IR band intensities associated with "free" and hydrogen-bonded OH groups, though this latter estimation of the hydrogen-bond enthalpy appears to be somewhat underestimated.
Conclusions
Theoretical calculations on the two diastereomers of 2,3-BD showed that the most relevant conformers of both molecules are characterized by the O-C-C-O dihedral angle in the (gauche orientation, leading to the establishment of a very weak intramolecular hydrogen bond. These conformers, at room temperature, make up 89 and 96% of the equilibrium conformational composition of (R,S)-and (S,S)-2,3-BD, respectively.
Theoretical calculations carried out in this study were performed at two different levels of theory (DFT and MP2) and consistently resulted in the same relative order of energy of the most stable forms. Correctness of theoretical predictions for the structures of the most stable conformers for both considered compounds was confirmed experimentally. In view of the present results, earlier reports about the relative order of conformer stability in 2,3-butanediols should be revised.
Comparison of the theoretically calculated vibrational data with the experimental spectra of the compounds isolated in argon and xenon matrixes allowed, for the first time, the identification and vibrational characterization of two conformers trapped in the matrix: tGg′ and tG′g, the first and third most stable conformers, respectively, predicted by the theoretical calculations. No evidence of bands characteristic of the gGg′ and g′G′g forms was found in the experimental spectra, which is in agreement with the relatively low heights of the barriers for the gGg′ f tGg′ and g′G′g f tG′g intercoversions (calculated values less than 4 kJ mol -1 ).
From the application of empirical correlations between the vibrational data and energetical parameters, an average value of ca. 7 kJ mol -1 was estimated for the intramolecular hydrogen bond enthalpy, which is in a good agreement with the value derived from the theoretical results (8 kJ mol -1 ).
